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SUMMARY

The longitudinal_ iatc_ral_ and directional stability and control

derivatives as detemmined from flight tests of the X-IT research

airplane with an interim rocket engine are presented for Mach numbers

from 0.6 to 3.4 and angles of attack up to 16 ° • The results are

derived from pulse_ pull-up_ and sideslip maneuvers and are compared

with wind-tunnel results for corresponding Mach number and angle-of-

attack conditions. The various methods used in the analysis of the

flight data are considered_ and new methods are described in detail.

Comparisons of the flight and wind-tunnel results show that_ for

the most part_ the predicted levels of stability and control effective-

ness were realized under full-scale flight conditions. For Mach numbers

in excess of i.$_ however_ the static directional-stability derivative

and the directional control effectiveness from wind-tunnel data are as

much as 25 percent higher than values determined from flight. The

dihedral effect_ as predicted_ diminishes with increasing supersonic

Mach number and becomes adverse at Mach numbers above 2.3. Significant

variations due to angle of attack or jet-exhaust effects could not be

detected in the flight data_ except for the dihedral derivative which

shows a possible angle-of-attack effect.

Where the suitability of the flight records for simple analysis

was questionable_ an analog-matching technique was also applied. The

effects of the stability al_mentation system on the flight responses

were approximated_ where n(_cessary_ by relatively simple empirical

factors derived from an X-llp flight simulator.

INTRODUCTION

Flight simulators are necessarily being used more extensively than

in the past for planning al_£ directing flight test programs with
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experimental and research-type airplanes. An accurate simulation of
the airplane response characteristics, however_ necessitates a complete
compilation of the characteristics of the stability and control
derivatives which are indicative of the actual airplane. In this respect,
flight-determined derivatives obtained during the buildup of the flight
tests are comparedto wind-tunnel data to ascertain the degree of
correlation and to safeguard against unforeseen characteristics.

It is of general interest, then, to comparethe wind-tunnel data
employed in the simulation program for the X-15 airplane with data
derived from actual flight tests in a hypersonic flight research program
being conducted by the National Aeronautics and SpaceAdministration,
the U. S. Air Force, and the U. S. Navy at the NASAFlight Research
Center, Edwards, Calif.

This paper summarizesthe stability and control derivatives that
were obtained during the interim buildup flight program with the X-15
in which the low-power LRII Reaction Motors rocket engines were used.
The methods and flight techniques employedto obtain derivatives are
discussed briefly, and the flight data are comparedwith predictions from
wind-tunnel tests. The results from this interim program serve as a
basis for extending the flight envelope of the X-15 to the hypersonic
flight regimes.

A detailed derivation of the particular relationships used for
determining the directional-stability, dihedral, and yaw-damping
derivatives is presented in appendix A, by Chester H. Wolowicz of the
Flight Research Center.
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SYMBOLS AND COEFFICIENTS

The results of this investigation are referred to the body system

of orthogonal axes.

a n

at

b

normal acceleration at center of gravity_ g units

transverse acceleration at center of gravity_ g units

wing span_ ft

C_

CZp

rolling-moment coefficient_

damping-in-roll derivative,

Rolling moment

_Sb

8C_

, per radian



CZr

ct_

CtSa

CZSv

Cm

rate of change of rolling-moment coefficient with yawing

_c
angular-velocity factor_ r_ _ per radian

lateral-stability derivative_

aileron-effectiveness derivative,

per deg

_ct

_$a' per deg

variation of rolling-moment coefficient with vertical-tail

_c_

deflection, _Sv_ per deg

Pitching moment

pitching-moment coefficient, qS_

(Cmq+ Cm&) damping-in-pitch derivative_
_Cm

+ _ per radian

Cr_

_Cm

longitudinal-stability derivativ% _--_ per deg

Cm6 h

_Cm

stabilizer-effectiveness derivative, 5_-_h, per deg

CN normal-force coefficient_
Normal force

_S

CN_

c_

_CN

normal-force-curve slope, _--_ per deg

normal-force-curve slope for pull-up_

per deg

d_ /
T

_CN _CN d6 h

_5 h d_ '

C n yawing-moment coefficient_
Yawing moment

_Sb



Cnp variation of yawing-momentcoefficient with rolling angular-
_Cn

velocity factor_ _ per radian

damping-in-yaw derivative_
_C n _Cn

per radian

Cn_

_C n

directional-stability derivative_ _ _ per deg
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Cn_ a

Cnsv

variation of yawing-moment coefficient with aileron

_Cn

deflection, _$a' per deg

_C n

vertical-tail-effectiveness derivative_ _$v_ per. deg

Cy

cy_

side-force coefficient,

side-force derivative_

Side force

_S

_Cy

_ _ per deg

CY_ v
variation of side-force coefficient with vertical-tail

deflection, __v_ per deg

Fh

FI_ F 3

F2_ F4

F5

mean aerodynamic chord, ft

longitudinal center-stick force_ ib

correction factors to the natural frequency for stability-

augmentation-system effects (eqs. (B9) and _BII))

correction factors to the damping for stability-augmentation-

system effects (eqs. (B9) and (BII))

Irl
correction factor to _ for stability-augmentation-system

effects (eq. (BII))
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g

hp

IX

Iy

IZ

IXZ

K

M

M

m

P

P

q

R

r

S

s

TI/2

t

V

W

Z

acceleration due to gravity_ ft/sec 2

pressure altitude_ ft

moment of inertia about X-axis_ slug-ft 2

moment of inertia about Y-axis_ slug-ft 2

moment of inertia about Z-axis_ slug-ft 2

i _ - Ix)sin 2c_ slug-ft 2product of inertia_ _\Z

stability-augmer_tation-system gain

Mach number

dimensional pitching-moment parameter (appendix B) qS__c

i/sec2 _ Iy Cm_

mass of airplane_ slugs

period of longitudinal or lateral-directional oscillation_ sec

rolling angular velocity, radians/sec or deg/sec

pitching angular velocity, radians/sec or deg/sec

i £
free-stream dynamic pressure, _pV , Ib/sq ft

Reynolds number

yawing angular velocity, radians/sec or deg/sec

wing area_ sq ft

Laplace transform variable_ i/sec

time required for transient oscillation to damp to half

amplitude_ sec

time, sec

true airspeed, f_t/sec

airplane weight_ ib

dimensional lift parameter_
_S

-m-_ CN, i/sec



Sa

5a_

5h

$v

E

0

T

P

q_

_d

_P

a_n

e_md

Sub script s :

left

q

airplane angle of attack_ deg

airplane angle of sideslip_ deg

incremental value

total aileron deflection, 5hL - 5hR , deg

rate of change of aileron deflection with sideslip angle

i

horizontal-tail deflection, _(_hL + 6hR), deg

vertical-tail deflection, _ Vu + 6vz , deg

rate of change of vertical-tail deflection with sideslip

angle

inclination of principal X-axis to the body X-axis, deg

ratio of actual damping to critical damping

pitch attitude, deg

time constant for simplified stability augmentation system, sec

mass density of air_ slugs/cu ft

phase angie_ deg

damping angle, tan -I deg

roll attitude, deg

undamped natural frequency of airplane in longitudinal or

lateral-directional mode, radians/sec

damped natural frequency, _0n_ . _2 radians/sec

lower vertical tail

partial derivative with respect to pitching rate (appendix B)
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R right

T pull-up maneuverwith respect to lift-curve slope

u upper vertical tail

partial derivative with respect to angle of attack

5h partial derivative with respect to stabilizer deflection

e longitudinal mode

lateral-directional mode

0 initial term

A dot over a symbol indicates the derivative of the quantity with
respect to time.

The symbol I I represents the absolute magnitude of a quantity.

The phase angle of a vector x relative to a reference vector y is
indicated by the subscript xy.

A prime indicates that the term was obtained with the stability
augmentation system in operation (see appendix B).

A bar over a term (with the exception of _) denotes that the term
was obtained on the X-15 simulator (see appendix B).

AIRPLANE

The X-15 airplane (figs. i and 2) is a single-place research
rocket airplane designed to investigate the hypersonic flight regime
at speeds up to 6,600 feet per second and at altitudes up to at least
250_000 feet. The major part of the X-15 cylindrical fuselage is
composedof integral propellant tanks_ thereby requiring the addition
of triangular-shaped side fairings to enclose the componentsof the
various systems. An instrument compartment is located immediately to
the rear of the cockpit. Speedbrakes are provided in the rear
inboard sections of the upper and lower vertical tails. The landing
gear consists of a dual-wheel nose gear located well forward and a
skid-type main gear located under the tail.

For the tests reported herein_ except as specified in particular
instances_ the X-15 was equipped with two LRII rocket engines
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manufactured by the Reaction Motors Division of the Thiokol Chemical

Corp. The engines are mounted one above the other in the rear end of

the X-15 fuselage. Each engine has four individually operated cylinders

which use an alcohol-water mixture as fuel and liquid oxygen as an

oxidizer. The combined thrust of the engines is about 16,000 pounds

at an altitude of _0,000 feet. The design altitude of the nozzles is

19_000 feet.

The X-!_ has a 5-percent wing with an aspect ratio of 2.5_ a wedge-

type vertical tail, and a slab-type horizontal surface. The physical

characteristics of the airplane are listed in detail in table I. The

variations with airplane weight of the moments of inertia about the

body reference axes for both power-off and power-on conditions_ as

determined by the manufacturer_ are shown in figure 3.

Irreversible hydraulic systems actuate all aerodynamic control

surfaces of the X-I_. Landing flaps are provided which also are

hydraulically actuated. A slab-type horizontal stabilizer furnishes

longitudinal control when deflected symmetrically and lateral control

when deflected differentially. The horizontal-control-surface rate is

limited to 25 degrees per second_ and the time lag from stick to

surface movement is about 0.04 second. The upper and lower directional-

control surfaces are moved by conventional rudder pedals. The lower

movable section is jettisoned prior to landing to provide adequate

ground clearance.

A rate-sensing damper system coupled to the aerodynamic-control

surfaces provides three-axes stability augmentation. An interconnect

damper system (termed "yar") feeds yaw-rate signals into the roll-

control surfaces to provide extra roll damping. The gains and authority

of the pitch, roll, yaw_ and yar damper systems are shown in table II.

For convenience_ the stability augmentation system is referred to
herein as "SAS".
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INSTRUMENTATION

The following quantities pertinent to the derivative investigation

were recorded on standard NASA internal recording instruments synchro-

nized at O.l-second intervals by a common timer:

Airspeed and pressure altitude

Normal and transverse accelerations

Pitching angular velocity and acceleration

Yawing angular velocity and acceleration

Rolling angular velocity and acceleration

Angle of attack
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Angle of sideslip

Right and left horizontal-tail deflection

Upper and lower vertical-tail deflection

The airspeed and altitude were measured by a NASA pitot-static

tube mounted on the airplane nose boom. Angles of attack and sideslip

were measured by free-floating vanes also mounted on the nose boom.

The errors in these angles_ induced by the aircraft pitching_ yawing_

or rolling motions_ were found to be within the experimental accuracy

of the data; hence_ corrections were not considered necessary.

Reference was made to the airplane body axes in determining the angular

velocities and accelerations as well as the linear acceleration.

The ranges and dynamic characteristics for the instruments measuring

linear acceleration_ angle of attack_ angle of sideslip_ angular

velocity_ and acceleration a_e as follows:

Function

an_ g units

at_ g units

_ deg

_, deg

q, radians/sec

p, radians/sec

r_ radians/sec

_, radians/sec 2

9_ radians/sec 2

_, radians/sec 2

Range

-3.0
8.0

+!.0

-20.0

40.o

+3o.o
+0.5
-+2.0

+0.5
+i .0

-+i.6

-+3.2

Undamped natural

frequency_ cps

31.0

9.5
12.0

12.0

8.5

15 .o

8.5

19.5
20.0

19.8

Damping ratio

0.640

.64o

.7oo

.700

.630

.602

.666

.685

.646

.640

Recordings were generally accurate within ±2 percent of the full-

scale readings.

An inertial platfo_a was available on many flights for supplementary

measurement of altitude and velocity as well as airplane attitudes about

all three earth-referenced axes.

FLIGHT TESTS

The X-15 airplane is carried under the right wing of a B-52

airplane to an altitude of approximately 45_000 feet and released to

perform its flight mission. It then glides to a landing on the dry

lakebed at Edwards Air Force Base_ Calif.
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The flight data used in determining the derivative characteristics
presented herein consisted of time histories of the airplane responses
to abrupt pitch-, yaw-, and roll-control inputs (pulses), and to pull-up
and sideslip maneuversperformed at Machnumbersfrom 0.6 to 3.4. For
the pulses, the pilot applied control rapidly, returned the control to
the trim position, then attempted to hold the controls fixed during the
ensuing transient motions. A typical time history of a pitch pulse is
shownin figure 4. In lateral-directional maneuversthe roll control
was difficult to hold fixed; therefore, most of the yaw and roll pulses
had someroll-control input during the transient oscillations. Time
histories of yaw and roll pulses with the stability augmentation system
off and on are shownin figures 5(a) to _(d). Ideally, pulse maneuvers
should be performed at constant Machnumberand altitude, and the free
oscillations should be allowed to persist through a large numberof
cycles following the control input; however, typical X-15 missions and
performance characteristics generally precluded attainment of these
ideal conditions. Thus_ it was usually necessary to restrict the
numberand duration of the maneuversthat could be performed in any one
flight. Moreover, the stability augmentation system often could not be
completely deactivated because of safety-of-flight restrictions, and the
controls-fixed condition could not be realized. The lowest gain settings
possible were used for these conditions, and an empirical correction to
the basic data was applied to account for the effects of the stability
augmentation system (see appendix B).

Pull-ups and wind-up turns, as dictated by flight patterns_ were
also used to extract static longitudinal-derivative characteristics.
A time history of a typical pull-up maneuver is shownin figure 6.

A limited number of wings-level sideslip maneuverswere performed
as an alternate technique for determining the static lateral-directional
characteristics. A time history of a typical sideslip is shownin
figure 7.

The maneuverswere performed for the overall ranges of flight
conditions of M = 0.6 to 3.4, hp = 23,000 ft tOoSO,O00ft,

= 130 ib/sq ft to 1,300 ib/sq ft_ _ = 0° to 16 , and an = Og to 3-_g.
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WIND-TUNNEL DATA

Derivative characteristics from X-15 model tests in the Mach

number range from 0.2 to 3.4 are available from several sources (refs. i

to 8). The manufacturer, in reference i, has assimilated the various

wind-tunnel test results into a composite set of faired aerodynamic

data extending through most of the predicted flight envelope. The

wind-tunnel data presented herein as a comparison with flight data are
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faired values based on reference i and the references listed in the
following tabulation. All the data are for trim horizontal-stabilizer
settings_ and Cm_,Cm_h_Cn_v, and Cn_ have been corrected to a
center-of-gravity position at 22 percent of the meanaerodynamic chord.

H
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Mach number
Model scale R × i0 -_Reference Facility

range

2 Low speed 1/7, i/i0 0.43 to 0.55

7

8

Langley full-scale

and free-flight

tunnels

Ames 12-foot

pressure wind

tunnel

Langley 4- by 4-

foot supersonic

pressure tunnel

Ames Unitary Plan

wind tunnel

Langley Unitary

Plan wind tunnel

Naval Supersonic

Laboratory Wind

Tunnel

Naval Supersonic

Laboratory Wind

Tunnel

0.22 to 0.92

1.41, 2.01

1.55 to 3.50

2.29, 2.98,

4.65

1.5, 2.5,

3.5

0.09

.O2

.o9

.067

.O2

.O2

•75 to 1.5

.46 to .71

1.5

•51 to 4.43

•34 to .39

•34 to -39

Unpublished data from the Langley 8-foot transonic pressure tunnel for

the 0.067-scale model were also used in determining the fairings over a

Mach number range from 0.60 to 1.18 (2.2 x 106 < R < 2.8 x 106).

ANALYSIS AND PRESENTATION OF FLIG_ DATA

The relationships generally employed for determining the longitu-

dinal derivatives from flight data may be found in various studies_ for

example_ reference 9. It was recognized during the development of the

X-15 airplane_ however_ that difficulties would probably be experienced

in obtaining flight data which would be of acceptable quality for use in

the more comprehensive methods of determining the lateral derivatives.

As a result; a study was made of the limitations of normally used

simplified equations_ applicable to oscillatory data_ for determining
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- "I" During the study, new expressions were developed
Cn_ and (Cnr an_n_nr-Cn_)_ which are applicable when the influencefor Cn_, CZ_,

of IXZ is negligible, as is the case for the X-15. The development
and limitations of these expressions and the limitations of the

previously used expressions are presented in appendix A.

The extent of the flight coverage in this paper relative to the

predicted overall flight envelope is shown in figure 8. Data at high

angles of attack are generally lacking; however_ data obtained from

flights with the XLR99 engine will gradually fill out the flight envelope.

The following sections briefly outline the analytical methods and

equations used for calculating the longitudinal and lateral-directional

derivatives and describe an analog-matching technique for verification

of the calculated results. A figure showing the variation of the flight-

determined derivative with Mach number is introduced after each equation

is presented.

H
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Longitudinal Derivatives

/

The derivatives CN_, Cm_ and ._Cmq + Cm_,_ for fixed controls

were determined from the following relationships (refs. 9 and i0)

Iy _n 2
Cm_ : _s_

l)

2)

_2 2 ( )2= _n d + _n

3)

The derivative CNo _ corresponding to near-trimmed flight
_L

conditions was determined as the linear variation of normal-force lift

coefficient with angle of attack during pull-ups or turns.
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lanl
The basic values of P_ TI/2_ and amplitude ratio _ used in

these expressions are presented in table III. The values were derived

from time histories similar to those shown in figure 4. When the

stability augmentation system was in operation_ the undamped natural

frequency ahu and damping parameter {_n obtained from the time

histories were corrected to approximately the SAS-off values by the

method presented in appendix B. The computed values for CN_ _ Cm_ ,

(Cmq + Cm_)_ and Cm_ h are plotted as functions of Mach number in

figure 9. fin figures_ lO(a), lO(b), ii, and 12, respectively, CN_ , CN_T,

t + Cm_ ) are compared with wind-tunnel predictions.Cm_, and Cmq

The control effectiveness Cm_ h was determined from quantities

measured during the initial input portion of the stabilizer pulse

maneuvers. The following simplified expression was used

CmSh nsh\r ss -
(4)

When Cmc_ could not be obtained from fligh_ data at identical conditions

of M and _ an estimated value from faired data was used. The flight

and wind-tunnel results are compared in figure 13.

Lateral and Directional Derivatives

The graphical time-vector method (ref. 9) has generally been used

at the NASA Flight Research Center for determining lateral-stability

derivatives. In applying this method_ however_ good-quality control-

fixed transient responses at near-constant Mach number and angle of

attack are normally required. Since such conditions were rarely

achieved with the X-I_ s_mpler analytical expressions were used in

this paper_ with few exce],tions_ in place of the time-vector method.

The static directional-stability derivatffve Cn_ was determined

from the following equation (see appendix A)

(5)
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Irl
Occasionally, accurate estimates of the ratio I_ I could not be

determined from the flight records_ and the expression

2

Iz_°n IZ

Cn_ - _Sb + _ _X CZ_
(6)

was used instead. In this expression_ a value for Cl_ was obtained

from faired flight data_ if available; or wind-tunnel data. Where

sideslips were performed and the lateral- and directional-control

effectiveness were known from flight tests_ the following relationship

was applied

H
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Cn_ = -(Cnsv_V_ + CnsaSa_ ) (7)

The dihedral effect CZ_ was evaluated from both pulse and

sideslip maneuvers. For pulses (appendix A)

1[Ix _n21_ I i)] (8)-- -

For sideslips

= -(C +CZ_ Z6v_V_ C ZSaZa_ )
(9)

where the control-effectiveness terms were taken from fairings of

previous flight data.

Irl
Table IV sttmmarizes the basic values of P, TI/2, and _ from

which the derivatives Cn_ and C_ were computed. Figure 5 presents

typical time histories of the vertical-tail and aileron pulses that were

analyzed. The flight-determined derivatives are plotted as functions of

P_ch number in figure 14. Flight-determined values of Cn_ and C_

are compared with wind-tunnel results in figures 15 and 16, respectively.

The control-effectiveness derivatives were determined from measured

increments of the yaw and roll accelerations and velocities during the

initial control inputs. The directional-control derivatives Cn$ v and

C were calculated from the following expressions
Z_ v
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_v_--_ Ixz a_ Cn_Z_1
i Z Z_ -:--- -

Cn_ v - qSb
(io)

C 1 X ap IXZ ar - C7,p _-- - CZ
_v = _Sb

(ii)

and the roll-control derivatives from similar expressions

Cn_a _ z::_a - -_ Ap - Cn
(12)

i fix IXZ Apb

CZSa - A_a\_ Ap - -- Ar - C_Sb _p2V
(13)

In the absence of flight-determined values for CZp_ wind-tunnel values

were used. Results for these derivatives are shown as functions of Mach

number in figure 17. The control-effectiveness derivatives determined

in flight are compared with wind-tunnel predictions in figures 18 and 19.

The side-force derivative Cy_ was computed for pulses from the

simple expression

14)

and for sideslips with w_ngs near level

W dat d6v

cy_ - _s d_ CY_v d_
lo)

This derivative is shown as a function of Mach number in figure 14.

flight and wind-tunnel data for Cy_ are given in figure 20.

Lastly, the approximate equation (appendix A)

The

IZ

(Cn r - Cn_) = (2_)_S b _UJn

16)

was used for the damping derivative. These derivatives are presented in

figures 14 and 21.
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The derivatives Cnp and CZr for the X-15 are very small and,

because of limitations in the techniques employed, could not be

determined. During the interim program, the roll maneuvers were not

of sufficient duration and rate to enable a satisfactory evaluation of

the damping derivative CZp.

When the stability augmentation system is operative, as it was

during many of the test maneuvers, the preceding relationships for the

transient maneuvers are not directly applicable. The manner in which

Irl
the basic flight data _n, _n, and _ were corrected for the

stability-augmentation-system effects to make them usable in the fore-

going equations is described in appendix B.

H
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Analog-Matching Technique

The preceding equations (eqs. (i) to (16)) are not generally

applicable where pilot-induced or pilot-plus-SAS-induced control motions

followed the initial control input, inasmuch as they are derived from

control-fixed airplane oscillations following the forcing control input.

Therefore, derivatives were extracted from these types of flight data by

a matching technique (ref. ii). This technique _as a_so employed

occasionally to confirm results from the simplified equations.

A simulation of the flight time history for each maneuver was

obtained on a five-degree-of-freedom analog setup by programing the

control inputs into the analog through a plotting table and comparing

the resultant simulated airplane responses to a transparent overlay of

the actual flight records. The stability and control derivatives on

the simulator were then varied from the basic wind-tunnel values, as

necessary_ to match the flight time history. Figures 22 and 23 are

typical analog matches of an aileron-induced lateral-directional

oscillation and a horizontal-stabilizer pulse, respectively. The values

of derivatives which gave the best match for each maneuver are presented

with analytical results in figures lO(a), ii to 13, 15, 16, 18, 19,

and 21.

A further refinement, particularly important because of the rapidly

changing flight conditions experienced during such maneuvers, was the

simulation of flight dynamic pressure as a linear function of time.

When the stability-augmentation-system gains were moderate to high,

the basic airplane damping derivatives contributed only a small

percentage of the total damping_ and, therefore_ could not be determined

with sufficient accuracy to be considered conclusive. In each case,

only derivatives which made a significant change in the time history

were considered. These, in general_ included all the derivatives in the
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longitudinal mode and the lateral-directional mode except Cnp _ CZr _ CZ_

and Cy_. The derivatives (Cmq + Cm_ ) and (Cnr - Cn_ ) could usually

be determined from maneuvers performed with the corresponding stability

augmentation system disengaged.

H
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RESULTS AND DISCUSSION

In the following sectffons_ the general trends in the derivative

characteristics from flight: are considered briefly and comparisons are

made with wind-tunnel predictions. The accuracy of the flight-determined

derivatives for any one method of analysis can best be ascertained by

the scatter of data in the figures. It is difficult and possibly

unrealistic to express the accuracies as a definite percentage value

because of the multitude of factors involved_ such as the quality of

the maneuver_ the accuracy of the sensing and recording instruments,

the accuracy of the equation or the technique for the particular

condition being investigated_ and the skill of the analyst who weighs

all of the factors in the analysis.

Basic Data

The periods_ times to damp to half amplitude, and amplitude ratios

obtained from time histories of pulses over the range of flight

conditions covered by the X-15 with the LRII engines are listed in

tables III and IV. Because the flight parameters which influence the

basic data (Mach number, angle of attack, altitude_ power on or off,

SAS on or off_ and combination of SAS gain settings) varied continuously

within each flight and from flight to flight_ different flight conditions

were experienced for almost: every data point. It is estimated that the

periods could generally be determined within 0.05 second for the low to

moderate damping ratios encountered (less than 0.30).

Longitudinal Derivatives

Flight trends.- The longitudinal stability and control derivatives

from flight, as shown in figure 9, exhibit the moderate compressibility

and transonic Mach number effects expected for sffender vehicles and the

gradual decline of lift effectiveness with increasing supersonic Mach

number. The stability derivative Cm_ reaches a peak value at a

somewhat higher Mach number and_ in particular_ changes less rapidly

with Mach number than does Cm_ h at transonic speeds. These combined

effects produce an apparent pitch-up while the airplane is decelerating
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through this range. The values of CmG and Cm6 h indicate that the

X-15 has a high level of static longitudinal stability and control

effectiveness throughout the Mach number and angle-of-attack ranges

covered

butj as indicated by the trends of (Cmq + Cm_) and CNG ,

• The dynamic stability is moderatel_ high in the transonic

region,
f

decreases to low levels with increasing supersonic Mach number.

Although several ranges of angle of attack are shown in the figure, no

consistent angle-of-attack effect is apparent within the experimental

accuracy of the data. A distinction between power-on and power-off

conditions is also made in figure 9; however, no consistent trend due

to power is evident.

Wind-tunnel predictions.- The flight results are compared with

wind-tunnel predictions for several angle-of-attack ranges in

figures i0 to 13. The method for determining the derivatives and the

use of stability augmentation (on or off) are also indicated in these

figures. In general, the flight and wind-tunnel results are in fairly

close agreement. A comparison of figures 10(a) and lO(b) for the pulse-

and pull-up type maneuvers, respectively, reveals an appreciable

reduction in airplane lift-curve slope due to the relatively large

negative stabilizer lift required for trim. The stabilizer effectiveness

from flight (fig. 13), however, appears to be about i0 percent lower

than the wind-tunnel values in the lower range of stabilizer deflections.

The static stability derivative Cm_ is higher than predicted at angles

of attack from 0° to 4° (fig. ii). At Mach numbers from 1.2 to 2.0,

flight-determined Cm_ does not verify the nonlinear effect of angle of

attack that is evident in the wind-tunnel results at low angles of attack.

The flight data are relatively constant with angle of attack, whereas

the wind-tunnel values of Cn_ decrease slightly at low angles of attack

in this Mach number range.

Figure lO(a) and figures ii to 13 show that the results from the

analog-matching technique generally agree with the results from the

simplified equations discussed previously.

H
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Lateral-Directional Derivatives

Flight trends.- The directional-stability derivative Cn6 from

flight tests, as seen in figure 14, reaches a maximum value at M _ 1.4

and diminishes rapidly in the Mach number range from 1.6 to 2.0.

Although the values of Cn_ at angles of attack from l0 ° to 16 ° appear

lower than at other angles of attack (fig. 14) 3 there are not sufficient

data to draw a definite conclusion relative to angle-of-attack effect.

Data obtained from subsequent flights, but not included in this paper,
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show that the downward trend in Cn_ _ as established by this interim

program_ does not continue but tends to level off at higher Mach

numbers. No systematic effect of engine power is apparent in the Cn_

flight data. All data beyond M _ 2.0 were obtained after engine shut-

down. At high Mach numbers it appears that angle of attack may affect

the dihedral derivative CZ_ (fig. 14); however_ the trends cannot be

firmly established because of a lack of data in this area. The flight-

determined C_ gradually changes from favorable to adverse (positive

C_) at about M = 2.3 and possibly tends to increase positively with

angle of attack at Mach numbers greater than 2.3. In flight, this trend

is evident at the higher angles of attack as a reduction of the airplane

static stability in the Dutch roll mode (ref. 12) and as a change in the

relation of bank angle to sideslip_ which results in poor lateral

controllability when the pilot attempts to control the airplane in the

normal manner (ref. 13). There was no apparent power effect on CZ_.

The derivative Cy_ conforms generally with the trends for Cn_.

Figure 14 al_o shows a gradual deterioration of the damping-in-yaw

derivative (Cnr- Cn_ ) as Mach number increases.

The control derivatives Cnsv, CZSv, Cn5a, and CZ_ a in figure 17

are also characterized by peak magnitudes in the transonic range and

declining trends with increasing Mach number with little_ if any_ effect

of angle of attack or engine power. Subsequent data not included in the

Cn_r- plots show, as for Cn_ , that the downward trend in the curve tends

to level off in the higher Mach number range rather than to continue in

the direction indicated by the data from the interim-engine flights.

The derivative CZSv_ similar to C_ reverses sign at M _ 2.3. This

effect is attributed to an increasing effectiveness of the lower-

vertical-tail surface at positive angles of attack and high Mach numbers

(ref. 14) and is the primary factor necessitating the addition of the

"yar" crossover signal in the stability augmentation system (see

AI_E section).

Wind-tunnel predictions.- Figures 15, 16, and 18 to 21 present

comparisons of the flight-determined derivatives with wind-tunnel data.

Where the wind-tunnel data indicated a possible sensitivity to angle of

attack_ various ranges of angle of attack are presented. The method of

analysis and the type of maneuver analyzed (control pulse or sideslip)

are indicated in the figures. Figures 15 and 16 for Cn_ and C_

respectively_ generally reveal a sparsity of data at the higher angles

of attack where flight responses suitable for derivative analysis were

usually more difficult to obtain. At low angles of attack and at Mach

numbers between 1.2 and 1.8_ the flight-determined directional-stability

derivatives are higher than the wind-tunnel prediction by approximately
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i0 percent; however_ above M = 1.8 the directional stability appears
to be lower than predicted by as muchas 20 to 25 percent. The cause for
these discrepancies has not been firmly established_ but is believed to
be the result of a reduction in vertical-tail effectiveness due_ possibly_
to aeroelastic effects. Little, if any_ distinction is apparent between
the results for the dynamic (pulse-type) and steady-state (sideslip)
maneuvers. The flight results for C_ showa greater degree of

scatter than for Cn__ but are generally in accord with the wind-tunnel
values for angles of attack between 0° and 8°. Sparsity of the data at
high angles of attack precludes correlating flight and wind-tunnel data
in this area. The damping derivatives in figure 21 also agree with the
wind-tunnel results_ although somepoints obtained with the stability
augmentation system engaged showappreciable scatter. It should be
noted_ however_ that the stability-augmentation-system correction (as
discussed in appendix B) for this derivative is often as large or
larger than the derivative itself and is, thu% cause for considerable
uncertainty.

The control derivatives from flight and wind-tunnel tests are
comparedin figures 18 and 19. Angle-of-attack effects for these deriv-
atives are not significant; henc% the wind-tunnel curves for only the
meanangle of attack are shown. The flight values of Cn_v (fig. 18)
show a low trend at Machnumbersgreater than 1.6_ similar to that for
Cn_ (fig. 15). The agreement in the results for the lateral-control
derivatives in figure 19 is fairly good_ although considerable scatter
in the results for Cn$a is evident above a Machnumberof 2.0.

CONCLUSIONS

H
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A flight investigation of the X-15 stability and control derivatives

in the Mach number range from 0.6 to 3.4 has revealed the following:

i. The levels of longitudinal and directional static stability

and control effectiveness are relatively high for angles of attack up to

16°; whereas_ the longitudinal and directional dynamic stability with

the stability augmentation system inoperative are generally low. The

principal derivatives show a gradual decline with increasing supersonic

Mach number.

2. Angle of attack has little discernible effect on the principal

derivative% with the possible exception of the lateral-stability

derivative CZ_.

3. The effective dihedral gradually diminishes with increasing

Mach number, becoming adverse at Mach numbers greater than 2.3.
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4. Engine power has no discernible effect on the principal

derivatives.

5. The wind-tunnel predictions generally agree well with flight

data, except that the directional stability and control derivatives

from wind-tunnel tests are 20 to 25 percent high in the low angle-of-

attack range at Mach numbers greater than i.$.

6. The simplified equations derived for the analysis of the X-15

flight data and the analog techniques employed for reducing the data

obtained with the stability augmentation system in operation are

effective in coping with the available data and provide reasonably

accurate and consistent results.

7. The stability augmentation system produces small_ but

correctable, increases in the frequency of the transient responses and

substantial increases in damping. The damping .ierivatives_ therefore_

are less reliably obtaine£ with the stability augmentation system

engaged.

Flight Research Center

National Aeronautics and Space Administration

Edwards, Calif., September 20, 1961
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APPENDIXA

APPROXIMATEEQUATIONSFORDETERMININGCn_, Cl_ , and (Cnr - Cn_)

By Chester H. Wolowicz

The,familiar expressions used to calculate the derivatives Cn_
and (Cnr - Cn_1 from flight data are considered in order to illustrate
their drawbacks and limitations. Subsequently; forms better suited to
the X-15 analysis are derived which; in turn; define a more convenient
relationship for determination of the dihedral effect CZ_.

Limitations of CommonlyUsed Expressions for Cn_ and (Cnr - Cn_)

To evaluate the limitations of normally accepted expressions for
Cn_; the following expression was derived based on the solution of the
determinant of the linearized lateral and directional equations of
motion. (The expression includes all but the most negligible quantities.)

I I _I IZ [co ( 12 2_con( )]IXZ sin Cn_ V Cy_mV- I-X- _ _-_ n2 - 2_c0n + g sin 8 qS

{ixz
\Iz sin _XX CZ_ - _-_ 2_ Zp + C_ sin <_

C b sin 8+ nr - Cn_ + CZp nr - Cn _V + V

_v)IC I_l-'Cy_ nr + C_p
+ gcos8 qSb ]

V C_Cnr i_-_]

(A1)

H
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A study of this equation shows that when Cn_ is small; that is, of the

order of 0.0014 per degree or less; the ordinarily insignificant damping

terms become important. In such instances C Zp and {Cnr- CnA _" are
significant. \ Pl
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When Cn_ is of a higher order than 0.0014_ as for the X-15, the

damping terms in equation (AI) may be ignored and a workable approximate

equation used. Also_ if the angle-of-attack range is restricted so that

IXZ sin _ becomes a negligibly small second-
sin _ _ _ and if the term IX

order quantity_ then

Iz_n2 Iz

Cn_ _ _S---_+ _ _X C_

That Cn_ is a function of CZ_ in equation (A2) does not make

this equation too desirable if CZ_ is estimated from wind-tunnel data

rather than from flight data. This is especially true when the vertical

tail is subject to such factors as jet-exhaust effects and flexibility;

for such conditions_ the value of CZ_ may be appreciably different
from wind-tunnel data.

The following equation has been used often (ref. 9) to obtain

(Cnr- Cn_)

21z#2_nV
(Cnr - Cn_) _ _ _-_ +%)

(AS)

The use of equation (A3) is restricted to angles of attack less than

about 4 °_ primarily because of the omission of CZp.

Development of New Expressions for Cn_ and (Cnr - Cn_ )

Applicable to the X-15 Airplane

Where the influences of IXZ and Cnp are negligible_ as on the

X-15 airplane_ the yawi_g-moment equation for control-fixed conditions

reduces to

) rb 0 (A4)IZ Cn _ %-_ Cn_"_Sb i_" - Cnr - - :
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For a transient oscillatory sinusoidal motion, r, r, and _ can

be replaced by the following expressions

Hr = roe-_a_ntcos(0_nd t + ¢_rl = O_nroe-_ntcos(°_nd t + _ + _d)

r = H roe-_°antcos(_ondt + err) = roe-_°_ntcos o_ndt

Irl

(AS)

Substituting equation (A5) for r, r, and _ in equation (A4), expanding

by trigonometric identities_ and regrouping

IZ I_ I rl sin- _-_ ah_ cos _d + Cn_ _-_ sin _ o_ndt

- _n sin ¢d + (Cnr - Cn_)2_ + Cn_ ,r .cos cos u_ndt
= O

(A6)

The first parenthesized term is a summation of components perpendicular

to the r vector; the second parenthesized term is a summation of

components parallel to the r vector• Hence

- qS--__n cos @d + Cn_ _ sin ¢_r = O
(AT)

and

( nr-- _V Cn_ _ _r : OqSb _n sin ¢d + + cos
(AS)

The phase angle @_r, on the basis of vector diagrams using X-15

wind-tunnel dataj appears to vary from 90 ° at _ = 0° to about 92 ° at

= i$ °. Als% the damping angle is small. Thus

and

sin @Br _ i cos @d _ i

a_n sin @d = _n

(A9)

H
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Hence, substituting equation (A9) into equations (AT) and (AS)

Iz I r I (A20)

and

(Cnr _ Cn_) _ 2V IZ I_i
- _ _U'_n qS-=-T + Cn_ [--r---I

cos $_r (All)

Because $_r will vary only a small amount from 90°_ as mentioned

previously, more error will be introduced in equation (All) by attempting

to use values of ¢_r as determined froml_Iflight data than will be

present by omitting the expression Cn_ _r _ cos _r. The quality
of the

flight data precludes the successful determination of @_r to better

I I

than about 4° or 5 ° . Hence, the more practical consideration of

equation (All) would be to reduce it to

IZ

(Cnr- Cn_) _ -{a_n (_)aSb

(AI2)

The elimination of the Cn_ term in equation (All) to form equation (AI2)

results in slightly larger negative values of (Cnr - Cn_ ) than if the

term had been retained and accurate values ef _r could be determined.

Whereas equation (A3) cannot be used at angles of attack above about 4°,

equation (AI2) is workable up to angles of attack of approximately 12 ° •

Development cf an Approximate Expression for CZ_

Simplified expressions for determining C_B that can be generally

used have not been developed successfully. However, for the X-15 where

the influence of IXZ is negligible, it is possible to combine

equations (A2) and (AIO) to obtain

cz_ --_ _Sb _I_3n
(AI3)

This equation is limited in its application in that it should not be

used when Cn_ is small, as noted in the discussion of equation (A2);
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als% it generally may not be satisfactory when the angle of attack is

Irll
less than about 4° . At angles of attack lesslithan about 4 °, i_ i _n
may approach 1.0, and the error in reading r___j from the flight records

may result in an error in I rl i which may exceed the net magnitude of

the parenthesized quantity. Als% at very low angles of attack, the

error in the flight-determined values of _ can produce large errors

in the equation. As _ approaches zero, equation (AI3) approaches an

indeterminant form.
H
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APPENDIX B

CORRECTIONS FOR THE EFFECTS OF THE STABILITY AUGMENTATION SYSTEM IN THE

DETERMINATION OF STABILITY DERIVATIVES FROM FLIGHT DATA

The principal flight-motion parameters needed to calculate the

static and dynamic stability derivatives from flight data are the

undamped natural frequency a_n and the damping parameter _a_n. When

a pulse is performed with the stability augmentation system engaged,

the resulting period, as well as the time to damp to one-half amplitude,

is in general different than with the stability augmentation system

inoperative, as shown in figures 24 and 25. The primary difference in

the periods is attributed to time lags and nonlinearities in the

augmentation system and not to an increased damping ratio _; in fact,

the change in period due to the system response is in the opposite

direction from that caused by an increase in damping ratio. For

example, in figures 24 and 25 the SAS-on period is shorter than the

SAS-off period_ even though the damping ratio with the SAS on is larger

than the SAS-off damping ratio. The relationship of period to the

undamped natural frequency and the damping ratio is

p = 2_ (B1)

From this equation it is evident that for a constant undamped natural

frequency _n_ an increase in _ will give a longer period, rather

than a shorter period as shown in figures 24 and 25. To satisfy

equation (BI), therefore, the undamped natural frequency must have

changed when the stability augmentation system was engaged.

The differences in _n and _n for the stability augmentation

system engaged and disengaged are demonstrated qualitatively in the

following section by expanding the characteristic equation for the

longitudinal short-period mode with the stability-augmentation-system

transfer function approximated by means of a simple first-order time

lag. The longitudinal mode is used for this illustration since it

reduces to a simpler exlression than the lateral-directional mode;

however_ the effect is similar. Following this illustration_ the

actual method used to correct for the stability-augmentation-system
effects is discussed.
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The Longitudinal Short-Period Mode

The Laplace transformed two-degree-of-freedom longitudinal

equations of motion for a rigid aircraft perturbating about a mean

flight path are

Is - Mqlq(s) + I-M_l_(s) = MSh$h(S)

l.iJq(sl+ Is-%l (sl= z hShISl

(B2)

(B3)

With no pilot control input_ the transfer function for a damper with a

first-order time lag may be expressed as

H

2

2

8

_h(s)
- (m)

l+_s

N(l - Ts) (BS)

Substituting equation (B5) into equations (B2) and (B3) leads to the

following determinant

= 0 (B6)

The solution to equation (B6) gives the characteristic equation of the

short-period longitudinal mode

s2 +
i

i + M_hKT
-ZCZ - Mq - MShK - Z_IVlShKT + Mc_ZShKT) s

I

+ (-M_+ Z_MShK M_ZShK ) 0 (BT)i + %hK_ z_ + - :

Only the first three terms of the first parenthesized quantity

and the first term in the second parenthesized quantity of equation (BT)
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are significant for the X-15.

given by

The frequency and damping are then

) 2 (Bs)
=l -I hK l

2¢e'mne' _ 1 + MShK, =

\_ne '/

2" 'l( e)2

(BIO)

( ll)

follows

With the pitch damper off (K = 0), mne' = a._ne With the

pitch damper on (K > 0), it can be seen from equations (B8) and (B9)

that _ne' and particularly _e'mne' (due to the MShK term in the

numerator will be greater than _n8 and _eahue, respectively. Therefore,

the values of these terms from flight must be corrected before they can

be used in equations (2) and (3) to determine Cn_ and (Cmq + Cm_).

If the damper were a flrst-order linear system, a fairly simple

analytical correction to _n@' and _e'_ne' could be made. However,

the system in the X-15 is approximately fift_, order and also very

nonlinear; thus, any analytical correction which might be derived for

this system would be complex. Therefore, the following semiempirical

method was devised for correcting a_ne' and _e'mne'

The X-15 flxed-base simulator, which employs a duplicate of the

X-15 control system and stability augmentation system (ref. 15), was

found to be the most convenient and accurate means for obtaining

corrections to _ne' and _8'_n8'. Correction factors F 1 and F2

were determined for each flight value of ahue' and _e' ahq@"

respectively, by reproducing as closely as possible the actual flight

conditions on the simulator, and by performing two longitudinal pulses

of approximately the same magnitude, one with the stability augmentation

system operating at the same gain as in flight and the other with the

stability augmentation system off. From the analog time histories of

the pulses (fig. 24) the SAS-off natural frequency a_"le and damping

-- I

_n8 and the SAS-on frequency _ne and damping _8'%8' were

obtained and applied as corrections to the flight SAS-on data as
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Figure 26 shows the effect of this correction as applied to the

derivatives Cm_ and (Cmq+ C_).

Dutch Roll Mode

Flight-data corrections for stability-augmentation-system effects
similar to those discussed in the preceding section are also required
for the Dutch roll mode. An analytical explanation of the nature of
this correction_ therefore_ is not repeated.

In general_ the sameempirical method was used for the Dutch roll
mode_with one addition. The primary equations used in this paper to
calculate Cn_ and C_ (eqs. (5) and (8)) both use the parameter

I _ I which must also be corrected for stability-augmentation-system

rH 'effects. Corrections to as well as to _n_' and _'_n_

were obtained from analog time histories (fig. 25) and applied as
follows

F3=\C] F4 =_ _ F_-- (B12)

H
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(L_n2 = F3 (_n_ ') 2 _aha _ F4 (_/' o_n_. ') Irl F lr'l

igure 27 shows the effect of this correction on the terms Cn_ _ C
Cn r - Cn_)" _
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TABLE I.- PHYSICAL CHARACTERISTICS OF THE X-15 AIRPLANE

Wing :
Airfoil section . . • .....
Total area (includes'94.98"sq ft'c;vered'by

2OO
fuselage), sq ft .........................

22.36
Span, ft ............................. "

..... 10.27
Mean aerodynamic chord, ft ...............
Root chord, ft .......................... 14.91

Tip chord, ft ............................ 2.98
0.20

Taper ratio .............................
Aspect ratio ........................... 2.50

Sweep at 25-percent chord line, deg ................. 25.64
0

Incidence, deg ...........................
0

Dihedral, deg ...........................
0

Aerodynamic twist, deg .......................

Flap - Plain

(;;hi........................... 8 3oArea a , sq ft .........................
Span (each), ft .......................... 4.50

Inboard chord, ft ......................... 2.61

Outboard chord, ft ........................ 1.08

Deflection, maximum down, deg ................... 40
• 0.22

Ratio flap chord to wing chord ................
0.08

Ratio total flap area to wing area ................
o.4o

Ratio flap span to wing semispan .................
Trailing-edge angle, deg .................... 5.67

• . 0Sweepback angle of hinge line, deg .............

NACA 66005 (Modified)

Horizontal tail :

Airfoil section ................. _ NACA 66005 (Modified)

Total area (includes 63.29 sq ft covered'by

fuselage), sq ft ......................... 115.34
18.o8

Span, ft ..............................
Mean aerodynamic chord, ft ..................... 7.05

10.22
Root c_ord, ft ...........................
Tip chord, ft .......................... 2.11

0.21
Taper ratio ...........................
Aspect ratio .......................... 2.83

Sweep at 25-percent chord line, deg ................. 45

Dihedral, deg ............................ -15
Ratio horizontal-tail area to wing area ............... 0.58

Movable-surface area, sq ft ..................... 91.77

Deflection -

Longitudinal, up, deg .......................

Longitudinal, down, deg ......................
Lateral differential (pilot authority), deg ............

Lateral differential (autopilot authority), deg ..........

Control system .....

15
35

±15
±3O

Irreversible hydraulic boost with artificial feel
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TABLE I.- PHYSICAL CHARACTERISTICS OF THE X-15 AIRPLANE (Concluded)

Upper vertical tail:

Airfoil section l0 @ single wedge

Total area, sq ft .......................... 40.91

Span, ft .............................. 4.58

Mean aerodynamic chord, ft ..................... 8.9_

Root chord, ft ........................... 10.21

Tip chord, ft ........................... 7.%

Taper ratio ............................. O. 74

Aspect ratio ............................ 0.51

Sweep at 25-percent chord line, deg ................ 23.41

Ratio vertical-tail area to wing area ................ 0.20

Movable-surface area, aq ft ..................... 26.45

Deflection, deg ........................... +7.50

Sweepback of hinge line, deg .................. 0

Control system ..... Irreversible hydraulic boost with artificial feel

Lower vertical tail:

Airfoil section ..................... i0 @ single wedge

Total area, sq ft ......................... 34.41

Span, ft ............................... 3.83

Mean aerodynamic chord, ft ..................... 9.17

Root chord, ft .......................... 10.21

Tip chord, ft ............................ 8

Taper ratio ............................. 0.78

Aspect ratio ............................ 0.43

Sweep at 25-percent chord line, deg ................ 23.41

Ratio vertical-tail area to wing area ................ 0.17

Movable-surface area, sq ft ................... 19.9_

Deflection, deg .......................... ±7.50

Sweepback of hinge llne, deg ................... 0

Control system ..... Irreversible hydraulic boost with artificial feel

Fuselage:

Length, ft ............................ 50.75

Maximum width, ft ......................... 7.33

Maximum depth, ft .......... ................ 4.67

Mi_ximum depth over canopy, ft ................... 4.97

Side area (total), sq ft ...................... 215.66

Fineness ratio ......................... lO.91

Speed brake (typical for each of four):

Area (each), sq ft ......................... 5.57

Span (each), ft ........................... 1.67

Chord (each), ft .......................... 3.33

Deflection, deg ........................... 35

Center-of-gravity location, percent mean aerodynamic chord ...... 22 ±i

Laurieh Landing

Weight, Ib ......................... 33,500 14,600

I
D
D
So
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TABLE III.- BASIC DATA FOR THE LONGITUDINAL MANEUVERS

SAS

Flight I Power gain M q,

setting 2 ib/sq ft

1-2-7 On 0,4,8 1.14 396

1-3-8 On 1,0,8 1.$$ 703

1-5-10 Off 0,4,8 1.72 536

1-9-17 On 0,4,8 1.63 288

1-9-17 On 0,4,$ 2.00 299

1-9-17 Off 4,4,8 2.93 864

1-9-17 Off 0,4,8 1.82 432

1-9-17 Off 0,4,8 1.73 545

1-9-17 Off 0,4,8 1.42 52_

1-10-19 On 0, 4, $ i. 75 318

1-12-23 On O, 4, $ 2.50 285

1-12-23 On 0, 4, $ 2.99 372

1-12-23 Off 0,2,2 2.31 504

1-12-23 Off 0,4,$ 1.44 363

1-12-23 Off 0,4,8 1.19 280

i-i_-25 On 4,4,6 1.49 435

1-15-28 On 4,4,8 1.$2 670

1-16-29 On 0,4,8 1.48 393

1-16-29 On 0,4,8 1.67 536

1-17- 30 Off 4,4, $ i. 75 436

1-17-30 0n 4,4,8 1.55 438

1-19-32 On 0,4,$ 1.46 416

1-19-32 Off 0,4,$ 1.36 367

1-20-35 On 0,4,8 1.60 554

2-1- 3 On 2,4,8 1.17 276

2-1-3 On 2,4,8 1.87 604

2-1-3 Off 2,4,$ .96 135

2-2-6 On 2,4,8 1.03 288

2-2-6 On 2,0,$ 1.05 283

2-2-6 On 2,0,.3 1.45 362

2-2-6 Off 2,0,$ 1.66 467

2-2-6 Off 0,0,$ .88 247

2-4-11 On 0,4,8 1.73 304

2-6-13 Off O, O, 0 .$O 250

2-6-13 Off 0,0,0 .64 237

2-$-16 On 0,4,3 1.12 336

2-8-16 On 0,4,$ i.i$ 290

2-8-16 On 0,4,8 1.41 318

2-8-16 On 0,4,8 1.57 417

2-9-18 On 0,2,_ 1.25 269

2-9-18 On 0,2,8 1.42 322

hp, _, p, TI/2, lanl

ft deg see sec I _ I

35,000 7.8 1.78 1.51 12.24

46,700 3.0 1.20 1.15 27-39

48,900 9.4 1.36 2.40 23.39

59,600 7.9 2.00 4.90 9.09

67,400 8.2 2.05 _ 9.69

61,100 3.3 1.05 .............

55,500 2.2 1.55 2.58 20.6O

48,500 2.6 1.40 i.$$ 24.$6

41,000 4.6 1.40 1.32 27.58

60,400 7.9 1.$5 3.72 10.60

77,500 3.3 2.45 8.25 8.48

79,500 2.5 2.30 7.10 11.35

62,300 9.6 1.60 3.25 18.89

49,600 6.2 1.70 1.72 19.80

46,800 $.8 1.96 1.60 15.60

47,200 $.1 1.00 .............

46,500 2.6 .95 .............

48,900 3.$ 1.76 2.90 12.02

47,400 3.9 1.46 1.98 22.40

54,400 10.7 .40 .............

45,600 9.$ -35 .............

47,100 8.6 1.58 3.04 15-55

46,700 3.6 1.66 2.28 19.65

45,100 9.7 1.40 2.00 .......

46,300 5.2 2.10 0.75 7.54

49,800 2.2 1.21 1.00 23.56

46,500 4.4 2.11 .75 10.31

40,300 $-7 1.60 1.32 12.10

41,500 8.4 1.90 1.38 9.59

49,900 i0.0 1.40 .92 18.09

50,200 1.3 1.30 .78 23.18

37,700 5.2 2.26 1.24 15.91

60,700 Ii.i 1.90 2.10 9.95

30,400 4.0 2.76 2.22 14.32

23,400 D.O 2.20 .............

40,600 $.9 1.94 i.$O 9.87

45,700 7.$ 2.10 2.35 9.19

51,4OO 2.3 1.93 2.80 10.16

50,100 5.6 1.63 2.55 12.81

50,700 .2 2.15 3.00 8.99

51,300 3.1 1.94 2.95 10.73

IFirst digit indicates airplane by number (X-15-1 or X-15-2), second indicates free-

flight number of the particular airplane, third indicates total airborne X-15/B-52 flights

for that airplane.

2Numbers given for SAS gain setting are damper-gain knob positions of the pitch, roll,

and yaw, respectively. The yar gain is connected to the roll-damper gain knob. Damper

gains corresponding to various knob settings are shown in table II.
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TABLE IV.- BASIC DATA FOR THE LATERAL-DIRECTIONAL M_JrZUVERS

SAS _, bp, _ p, Ti/2, I_ IFlight I Powe_ gain M --

setting_ I ib/sq ft ft deg se; sec I_I

1-_-7 On 0,4, S i.;i 247 50,200 ,3.; !.f9 _.kO =.47

i-3-8 On i. 75 596 47,200 _i._: 1.40 .............

i-3-_8 On I .$5 656 4v, 500 3.!- 1.4: ..............

1-3-8 On i .95 752 46,900 2., 1.60 .............

1-5-10 On 4,0,0 1.71 327 5_,_0 i' ._ 1.40 1.7_ 1.04

i-_-i0 On 4,0,9 .04 537 56, 200 .4 2.00 .............

1-5-10 Off 0_0,0 .24 20% 39,100 4.0 Q.40 .............

1-6-11 On 4_O, 0 -.72 309 60_200 1 .O 1.76 2.}0 1.6L

i-6-ii Off 4,0,0 i].96 hSO ,_',',900 p. _' i. _0 ...... 2.%0

i-7-ic! On L, 4,.9 ; .07 238 7_, 400 6.0 2.60 D.60 2.V'

1-7-12 Off 4, 4,PI .05 797 64,400 3.5 2.00 1.14 _.61_

1-7-12 Off 4,4,0 : .44 669 5"3,700 _.h 1.90 4.60 3.1:_

i-9-i_[ Off 4,0,0 .78 918 60,100 3.3 1.95 ...... 3 2_

1-9-17 Off %,&,S ; .71 803 99,300 3.4 1.60 i._4 3.v_

1-9-17 Off 4,0,0 .29 606 3g,lO0 9.8 i_.00 ............

1-10-19 Off 4,0,0 .15 774 50,500 !..s 1.5_ .05 3. ([

i-i0-19 Off _0_0 .88 676 47_ 900 3.8 1.4_ 1.$7 4.1_

1-12-23 On .26 478 3!_jfO0 6.: 1.70 ............

1-14-27 On :.94 623 90,600 _.. 1.67_ ; . )'iO %.66

1-16-29 On 4,0, 0 .v6 5S4 4_, 900 1.6 i._5 2. _ 3.6L

1-16-29 On ."32 628 4[,700 1.4 1.57 i. )_ _.7 _,

1-18-31 On .20 29b 46,000 10.9 2.:!0 ............

1-18-31 On S,L,_ i .61 51_ _-, 700 2'._ 1.60 ............

i-i_-31 On 4,4,5 L.70 562 47,200 3.3 1.60 .............

1-19-32 On _,0,0 ._ 442 43,700 4._ 1.6_ _.77 3.26

1-19-32 On 4,0,_ i.45 412 4 {_,i00 7.ks 1.30 ....... _ .....

1-20-35 On 4, 0,0 L.!!7 856 4<,500 '[.4 1.31 1.90 4.37

1-21-36 Off .+, 4, _ . _8 6pO 5b, 300 5.3 1.$O .95 3.6'_

2-1-3 On 2,4,.9 _.17 2"f6 46,_00 _ .1 1.20 0.7 "7 ......

2-i-3 On 2,4,_ i ._h 2_ 48,100 4. v i.,30 .93 3.07

2-1-_ On 2,4, °' !.79 9}3 50, DOO _.3 1.pl .7 _" _.62

2-i-3 On 2,4,£ _.;97 629 49,500 -.:: .91 .6% ......

2-i-3 Off 2,4,8 .96 177 47,500 4.0 3.00 1.64 2.42

2-i-3 Off 2,4,_ .96 185 46,500 4.6 1.00 .40 ......

2-2-6 On 2,0,$ ] .06 2_0 42,700 _.6 2.90 ............

2-2-6 On 2,4,_ [ .O6 257 43, _00 _._. 2._@ ............

2-2-6 On {,0,8 ]._i 193 55,300 4.4 .3 v - ............

2-2-6 On 2,4,_ ].29 215 55,_©0 4J 1.55 .............

2-!-6 On 2,0, [" ].3"7 244 55,400 4._ f.40 .............

2<!-6 On 2,0_ ] .i7 340 91,700 6.1 1.26 .............

2-2-6 On _,4,_ ] .70 300 60, _00 .2 _ .00 .............

2°2-6 Off 2_0_ 1.73 444 b2_900 .t 1.6] ..............

2-2-6 Off 2,0,8 i .70 451 _;i,900 .} 1.64 .............

2-2-6 Off 2_0,9 1.0_ 246 43,500 3. _ 2.3 v .............

f-P-6 Off ['_0,._ .$9 231 36, SO0 3.[; 1.97 .............

2-2-6 Off 2,0,0 .85 245 "_5,_0 • ;.IS ].O4 : -'3

2-5-12 On 2,0,0 i..32 _ 50,100 _.6 .00 3.1 _.3d

2-5-12 On 4,0,0 : .53 497 k5,500 _.< 1.40 .............

:'-6-13 Off O, O# O . ,90 26 _ _l ] LO0 ;_ I l [ i ] 19 ..............

2-6-13 Off 0,0,0 .79 290 ; b, 900 4.3 .43 .............

2-6-13 Off 0_0,0 .66 24_ _ 4,100 4.9 f.23 - ...........

2-7-ib On 0_0,0 1.ii 34_ Jg,'[O0 ).6 f.O0 I.S_ :.]7

2-v-15 On 0_O, O ] .19 28_ 4_;, d15 7.0 _ .k0 . _0 2.4_

iFirst digit in_i:.ates airplane %y nu_mber (X-15-1 or X-I -2), second indic'ares fre_-

flight number of the f_rticnlar alr._lane, third indicates tot:_l airl orne X-Ib/"B-[;2 flights

for that airplane.

2Numbers given for SAS gain setting are damper-gain knob positions of the pitch, roll,

and yaw_ respectively. The ,yar gain is connected to the roli-dmml_er gai:_ kno_. Damper

gains corresponding to _arious knob settings are show_ in tab e II.
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Figure 22.- Typical analog match of a yaw-roll divergence.
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